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BACKGROUND: In an effort to decrease the rates of smoking conventional tobacco cigarettes, electronic cigarettes (e-cigarettes) have been proposed as
an effective smoking cessation tool. However, little is known about their toxicological impacts. This is concerning given that e-cigarette use is per-
ceived as less harmful than conventional tobacco cigarettes during pregnancy for both the mother and fetus.

OBJECTIVE: The goal of this study was to test the neurodevelopmental consequences of maternal e-cigarette use on adult offspring behavior and
neuroimmune outcomes.

METHODS: Pregnant female CD-1 mice were randomly assigned to one of three treatment groups (n=8–10 per group) and exposed daily to either fil-
tered air, propylene glycol and vegetable glycerol (50:50 PG/VG vehicle), or to PG/VG with 16 mg=mL nicotine (+Nic). Whole-body exposures
were carried out for 3 h/d, 7 d/week, from gestational day (GD)0.5 until GD17.5. Adult male and female offspring (8 weeks old) were assessed across
a battery of behavioral assessments followed by region-specific quantification of brain cytokines using multiplex immunoassays.
RESULTS: Adult offspring of both sexes exposed to +Nic exhibited elevated locomotor activity in the elevated plus maze and altered stress-coping
strategies in the forced swim task. Moreover, male and female offspring exposed to PG/VG with and without nicotine had a 5.2% lower object dis-
crimination score in the novel object recognition task. In addition to differences in offspring behavior, maternal e-cigarette exposure with nicotine led
to a reduction in interleukin (IL)-4 and interferon-gamma (IFNc) in the diencephalon, as well as lower levels of hippocampal IFNc (females only). E-
cigarette exposure without nicotine resulted in a 2-fold increase of IL-6 in the cerebellum.

DISCUSSION: These findings support previous adverse findings of e-cigarette exposure on neurodevelopment in a mouse model and provide substantial
evidence of persistent adverse behavioral and neuroimmunological consequences to adult offspring following maternal e-cigarette exposure during
pregnancy. https://doi.org/10.1289/EHP6067

Introduction
Electronic cigarettes (e-cigarettes) are battery-powered nicotine
delivery systems purported by some to be a safer alternative to
tobacco cigarettes for pregnant women (Mark et al. 2015; Wagner
et al. 2017) despite the lack of information on their toxicological
effects on the developing fetus. Alarmingly, up to 15% of pregnant
women use e-cigarettes based on survey data collected between
2007 and 2017 (Wagner et al. 2017; Whittington et al. 2018), with
the highest prevalence of overall e-cigarette use among people of
childbearing age (18–34 years of age) (Kasza et al. 2014; Parker
and Villanti 2019; Stallings-Smith and Ballantyne 2019). In addi-
tion to the known detrimental effects of nicotine on the developing
brain, potential health risks are being raised for the added flavors
and vehicle [propylene glycol and vegetable glycerin (PG/VG)]
used inmost e-cigarettes due to their under-investigated toxicology
(Burstyn 2014). This is of particular concern for those using low-
dose nicotine e-cigarettes because their use often results in the con-
sumption of higher amounts of the PG/VG vehicle while

attempting to obtain nicotine doses equivalent to a conventional
cigarette. Given the use of e-cigarettes among pregnant women
and individuals of childbearing age [a survey published in 2018
suggested 6.52% of pregnant women use e-cigarettes and up to
8.54% use both electronic and tobacco cigarettes (Wagner et al.
2017)] and the perception of e-cigarettes as a safer alternative to
tobacco cigarettes during pregnancy (Baeza-Loya et al. 2014;
McCubbin et al. 2017; Whittington et al. 2018), there is an urgent
need to better understand their toxicology, particularly in regard to
the developing fetus.

Decades of research on conventional cigarette smoke have
reported the toxicological effects of smoking and nicotine on brain
development. For example, studies utilizing various exposure para-
digms to assess the developmental effects of prenatal and/or post-
natal nicotine exposure in rodents reported increased hyperactivity
(Lacy et al. 2016; Newman et al. 1999), impaired cognitive ability
in terms of memory and attention, altered pre-pulse inhibition
(Alkam et al. 2013; Zhang et al. 2018), and increased prevalence of
anxiety- or depressive-like behaviors in adulthood (Lee et al. 2016;
Pinheiro et al. 2015; Zhang et al. 2019). Importantly, some of these
behavioral alterations (e.g., increased activity) were reported in off-
spring of pregnant mice exposed to 2.4% nicotine through e-ciga-
rette aerosol exposure (Smith et al. 2015). This is not surprising
given that nicotine levels between tobacco and electronic cigarettes
are often comparable, and sometimes higher, in e-cigarette devices.
Despite the well-known developmental effects of maternal nicotine
exposure, 43% of pregnant women surveyed in 2014 viewed e-ciga-
rettes as a safer alternative to tobacco cigarettes during pregnancy
(Mark et al. 2015). Such assertions are also concerning given that
the toxicology of e-cigarette constituents (e.g., the PG/VG vehicle)
and released by-products on offspring health, even in the absence of
nicotine, produced adverse effects on neurodevelopment in mice
(Lauterstein et al. 2016).

Evidence suggests that the PG/VG vehicle (commonly used to
aerosolize nicotine) is potentially hazardous (for review, see
Burstyn 2014). Animal studies have reported both maternal and
direct PG/VG exposure impacts on offspring body weight, disease
susceptibility, and brain development (Chen et al. 2018a, 2018b;
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Lau et al. 2012; Lauterstein et al. 2016; Nguyen et al. 2018; Smith
et al. 2015). Uncertainty in these claims is likely due to the fact that
previous preclinical literature often considered onlymale offspring
in regard to behavioral effects and brain gene changes (Chen et al.
2018b; Smith et al. 2015), did not control for litter effects in pri-
mary data analysis and inconsistently reported any such differences
in data analyses (Smith et al. 2015), or differed in timing of mater-
nal e-cigarette aerosol exposure and nicotine dosing (Chen et al.
2018a, 2018b; Lauterstein et al. 2016; Nguyen et al. 2018; Smith
et al. 2015). These differences hinder our ability to discern how the
constituents and by-products of e-cigarettes could impart lifelong
impairments in offspring development. Although the abovemen-
tioned studies begin to reveal the detrimental consequences of ges-
tational e-cigarette exposure, understanding the long-term
biological underpinnings, particularly in the brain, of these nega-
tive outcomes is essential for understanding the true risk of their
use during pregnancy.

Information concerning the long-term impact of perinatal
e-cigarette exposure in the offspring brain is limited (Lauterstein
et al. 2016; Zelikoff et al. 2018), and the relationship between long-
term neuroinflammation and altered behavioral development is
even less well researched. Rodent studies have demonstrated that
nicotine exposure negatively affects cortical neuronal morphology
and connectivity when given prenatally (Muhammad et al. 2012),
genetic expression of metabolism and feeding genes in the brain
when dams were exposed prior to breeding through offspring
weaning (Chen et al. 2018b), and expression of neurotransmitter
receptors (reviewed by Dwyer et al. 2009 and Smith et al. 2010) in
the developing nervous system. Interestingly, nicotine exposure
in vitrowas shown to directly activate immune cells (Hosseinzadeh
et al. 2016), including placental macrophages (Belhareth et al.
2018), indicating a potential role for neuroinflammation in the
detrimental effects that nicotine-containing e-cigarettes have on
brain development and function. In particular, changes in brain cyto-
kine signaling profoundly influence behavior and are often associ-
ated with clinical pathologies, including developmental disorders
(Mittleman et al. 1997; Siniscalco et al. 2018). Importantly, perina-
tal exposure to e-cigarette aerosol without nicotine, beginning
6 weeks before pregnancy and continuing through offspring wean-
ing, has been shown to induce long-term peripheral inflammation in
the lungs of adult mouse offspring (Chen et al. 2018a). This suggests
that the PG/VG vehicle and other component by-products of
e-cigarette aerosols, in the absence of nicotine, may have unique
and lasting effects on offspring nervous system health. Therefore,
further investigation is needed to determine the behavioral and neu-
roinflammatory effects ofmaternal e-cigarette use in adult offspring,
with particular emphasis on disentangling the specific developmen-
tal impact of nicotine comparedwith the PG/VGvehicle.

Given that e-cigarettes are perceived as a safer alternative to
tobacco cigarettes for pregnant women (Baeza-Loya et al.
2014; Mark et al. 2015), despite our limited understanding of
the neurotoxicological consequences to the developing fetus,
we sought in this study to determine the long-term effects of
prenatal e-cigarette aerosol exposure on adult offspring neuro-
development and behavior. It was hypothesized that daily
maternal exposure to e-cigarette aerosol, both PG/VG alone and
PG/VG in combination with nicotine, impart unique and lasting
behavioral and neuroimmunological alterations in both sexes of
offspring. To test this, adult offspring of dams exposed through-
out pregnancy to e-cigarette aerosol with or without nicotine
were assessed for stress-coping behaviors, hyperactivity, and
learning and memory deficits compared with age-matched fil-
tered air (FA) control offspring. Following behavioral analyses,
brains were assessed for differences in cytokine levels in the
hippocampus, cortex, diencephalon, and cerebellum.

Methods

Animals
Twenty-seven female CD-1 mice, 8–10 weeks of age (Charles
River Laboratories), were individually paired at proestrus with
adult males and checked the following morning for the presence of
a seminal plug (Blum et al. 2012; Church et al. 2018). Mice were
housed in cages with high-efficiency particulate air (HEPA)-fil-
tered lids and were provided free access to food and water at the
New York University (NYU) Department of Environmental
Medicine animal facility and, subsequently, in the same manner at
MountHolyokeCollege (Massachusetts). Femalemicewere group
housed at NYU until gestational day (GD)15, at which time
females were single housed until parturition. After weaning, off-
springwere group housed (2–5mice per cage)with same-sex litter-
mates and all mice were maintained at ambient room temperature
on a 12-h light/dark cycle (lights on at 0600 hours). All breeding
and e-cigarette exposure procedures were carried out at the NYU
facility. Following weaning (at ∼ 3weeks of age), 135 offspring
were transported from NYU (Sterling Forest, NY, Campus) in
standard plastic cages in a temperature-controlled van (World
Courier, AmerisourceBergen Corporation) to Mount Holyoke
College. Upon arrival, mice were group housed with previous cage
mates in individually ventilated cages and allowed 4 weeks to ac-
climate to the new facilities prior to behavioral testing. All behav-
ioral assessments were carried out at Mount Holyoke College
during the first 4 h of the light cycle. All mouse procedures were
approved by both NYU Langone Medical Center’s and Mount
Holyoke College’s Institutional Animal Care and Use Committees
in accordance with the Guide for the Care and Use of Laboratory
Animals (NRC 2011).

E-Cigarette Exposure
Upon successful mating, as demonstrated by the presence of a
seminal plug, female mice were randomly assigned to one of
three treatment groups (n=8–10=group) (see Table S1) and
exposed daily to either 50% PG and 50% VG (50:50 PG/VG),
50:50 PG/VG with 16 mg=mL nicotine (+Nic), or ambient air fil-
tered to remove particles (FA). E-cigarette aerosols were pro-
duced from an automated three-port e-cigarette aerosol generator
(e∼Aerosols LLC), as previously described (Lauterstein et al.
2016). Puff aerosols were generated with charcoal and HEPA-
filtered air (i.e., FA) using a rotor-less diaphragm pump; the puff
regimen consisted of 35-mL puff volumes of 4-s duration at 30-s
intervals. Each puff was mixed with filtered dilution air before
entering the exposure chamber. Whole-body exposures were car-
ried out for 3 h/d for 7 d/week from GD0.5 to GD17.5, and aero-
sol samples were collected daily using preweighed Teflon® filters
(37 mm, 0:2-lm pore size; PALL Life Sciences Teflo) for assess-
ment of particulate matter (PM). The PM concentration from FA
was determined on a weekly basis. Particle-laden filters were
equilibrated overnight in a temperature- and humidity-controlled
weigh room (21�C±0:5�C and 40± 5% relative humidity) and
were weighed gravimetrically on an MT5 microbalance (Mettler
Toledo).

Urine Collection
To confirm e-cigarette nicotine exposure in the appropriate treat-
ment group, urinary cotinine levels in selected dams were meas-
ured at GD5.5, GD10.5, and GD15.5 using a commercially
available enzyme-linked immunosorbent assay kit (Abnova). On
the day of urine sample collection, pregnant dams were weighed
and each was placed in a novel plastic container where they were
allowed to freely explore until micturition. Urine was collected
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from the bottom of the container using a pipette and transferred
to a microcentrifuge tube. Each container was thoroughly cleaned
with 70% ethanol and water between animals, and separate con-
tainers were used between groups.

Maternal Growth, Litter Size, and Offspring Weight
Pregnant dams were weighed daily beginning on the first day of
pregnancy (GD0) and continued through parturition. Litters were
assessed for size (i.e., number of pups) and ratio of male mice,
which was calculated as the number of male offspring divided by
the total number of mice in the litter. Offspring were weighed at
postnatal day (PND)21 and again before sacrifice at 12 weeks of
age to assess differences in body mass between treatment groups.

Behavioral Testing
At 8 weeks of age, 67 male (27 FA, 21 PG/VG, 19+Nic) and 65
female (24 FA, 23 PG/VG, 18+Nic) offspring were assessed
through a series of behavioral tasks beginning with the elevated
plus maze followed by the open field task, the novel object recog-
nition task, and then the forced swim task. Behaviors were
carried out sequentially with at least 1 week between each behav-
ioral task, and experimenters were blinded to treatment condi-
tions. Mice were pseudorandomized to ensure offspring of all
treatment groups and between sex were counterbalanced across
each task. All mice completed one behavioral task before begin-
ning the subsequent task. Eight male mice were removed
throughout the study because of intra-cage aggression (Figure 1).

Elevated plus maze. To evaluate differences in anxiety and
risk aversion, adult offspring were assessed using an elevated plus
maze constructed of black Plexiglas® in full light plus a 500-W
portable halogen work light to serve as an aversive stimulus. The
apparatus consisted of two open arms (30 cm× 5 cm×0:5 cm)
and two perpendicular closed arms (30 cm× 5 cm×1:5 cm)
extending from a central platform. The entire maze was elevated
approximately 1 m from the floor. Mice were video recorded and
placed in the central platform and allowed to freely explore the
maze for 5 min, as previously described (Walf and Frye 2007). The
videos were later scored using EthoVision XT (version 14;
Noldus) for the number of entries into each arm and the total time
spent in each arm. Reductions in open arm exploration (calculated
as the exploration time in the open arm divided by the total explora-
tion time in both the open and closed arms) were interpreted as
increased anxiety.

Open field exploration. Mice were placed in an open arena
(60 cm×42:5 cm×30 cm) and were video recorded under dim
lighting during 20 min of free exploration. Videos were analyzed
using EthoVision XT14 for total distance traveled and the total
time spent in the center of the arena.

Novel object recognition. Mice were returned to the open
field arena 1 week later and assessed for memory performance in
the novel object recognition task using the short habituation pro-
tocol outlined by Leger et al. (2013). During the initial familiar-
ization (training) phase, mice were allowed to freely explore two
identical objects for 10 min. Twenty-four hours later, one of the
familiar objects was replaced with a novel object and experimen-
tal mice were returned to the arena and video recorded for a 10-
min testing session. Object investigation, as defined by the time
spent sniffing either the familiar or novel object, was measured
using EthoVision XT14. Novel-object recognition, as described
by Lueptow (2017), was calculated by measuring the time spent
sniffing the novel object divided by the total time sniffing either
object during the 10-min trial. Only mice who actively sniffed
objects for a minimum of 20 s in the familiarization phase were
included in the novel object recognition test phase. Novel-object

sniff times greater than 50% indicated object recognition. All
objects and arenas were cleaned with 70% ethanol between each
testing session to remove any olfactory cues.

Forced swim test.Mice were placed in a transparent Plexiglas®
cylinder (13 cmdiameter × 24 cmhigh) filled with warm water
(22–25�C) to a height of 16 cm. Animals were then video recorded
for 6min andmeasured for time spent actively swimming or immo-
bile (i.e., the period of time not spent actively exploring, swim-
ming, or trying to escape) (Can et al. 2012; Porsolt et al. 1977);
measurements were determined using EthoVisionXT14. Following
the 6-min task, mice were removed from the cylinder, toweled dry,
and placed in a warmed, dry cage for 20 min before being returned
to their home cage.

Tissue Processing
Between 2 and 3 weeks following the completion of the forced
swim test, one male and one female from each litter was anesthe-
tized by 3% isoflurane inhalation and sacrificed by decapitation fol-
lowed by brain dissection. Freshly collected brains were rinsed in
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Figure 1. Diagram of experimental procedures and sample size. The number
of male and female mice in each treatment group is included for each behav-
ioral task. Brains from a subset of mice were used for region-specific brain
cytokine measures. Note: F, female; FA, filtered air; M, male; PG/VG, pro-
pylene glycol/vegetable glycerin; +Nic, propylene glycol/vegetable glycerin
plus nicotine.
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ice-cold phosphate-buffered saline and separated into four distinct
regions: cortex, diencephalon, cerebellum, and hippocampus.
Individual regions were separated into 0:5-mL microcentrifuge
tubes (Eppendorf), flash frozen in liquid nitrogen, and stored at
−80�C. Each sample was disrupted using the Bio-Plex® cell lysis
kit containing Factor 1 and Factor 2 (BioRad) and 500mM prote-
ase inhibitor phenyl-methylsulfonyl fluoride (Sigma-Aldrich) in
dimethyl sulfate using disposable pestles. Brain regions were ho-
mogenized by triturating using 1-mL and then 200-lL pipette tips.
Homogenates were then mixed on an orbital shaker at 4°C for 40
min followed by centrifugation at 4°C (at 6,000× g) for 20 min.
Supernatants were aliquoted into 50-lL aliquots for multiplex
assays (described below) and stored at −80�C until used. The pro-
tein concentration of each sample was determined using a bicin-
choninic acid protein assay kit (Thermo Scientific) as directed by
the manufacturer, with bovine serum albumin as the standard.
Sample absorbance was read on a Synergy H1 Hybrid plate reader
(BioTek) and protein content was estimated using a four-parameter
logistic regression curve.

Brain Cytokine Measurements
The quantification of cytokines in sample brain section superna-
tants was carried out using multiplex bead-based immunoassays
(Procarta Plex Mouse High Sensitivity Kit; Invitrogen). Cytokine
analyses were performed as directed by the manufacturer. Samples
were diluted to 5-mg=mL protein using Bio-Plex® Cell Lysis
Buffer (BioRad) and then combined with 50 lL of a 1 × bead solu-
tion containing four high-sensitivity antibody-coupled magnetic
polystyrene beads [i.e., interleukin (IL)-2, IL-4, IL-6, interferon-
gamma (IFNc)]. The samples were washed three times with
150 lL 1× wash buffer using a handheld magnet. Samples, 25 lL
of each, along with eight 4-fold serial dilutions of standards and
blanks were added in duplicate and incubated overnight at 4°C in
the dark. The following day, the plate was washed three times with
wash buffer followed by the addition of 25 lL of detection anti-
bodies, and then agitated on a plate shaker at room temperature for
45 min. After another series of washes with wash buffer, 50 lL of
streptavidin, R-Phycoerythrin conjugate (SAPE) was added to
each well and incubated in the dark at room temperature for
30min. To increase detection and sensitivity, an additional two-step
amplification process was carried out consisting of incubation with
50 lL of Amplification Reagent 1 (Invitrogen) for 30 min followed
by incubation of 50 lL of Amplification Reagent 2 (Invitrogen) at
room temperature for 30 min. After a final series of washes with
wash buffer, the beads were resuspended in read buffer and the plate
was read on a MAGPix system (Luminex) using xPONENT® soft-
ware (version 4.1; Luminex). Unknown sample cytokine concentra-
tions were estimated using a five-parameter logistic regression
curve derived from the known reference cytokine concentrations
supplied by the manufacturer. Supernatant aliquots did not undergo
multiple freeze–thaw cycles. The sensitivity of this assay allowed
for the detection of cytokine concentration with the following limits
of detection: IFNc (0:024 pg=mL), IL-2 (0:110 pg=mL), IL-4
(0:055 pg=mL), and IL-6 (0:066 pg=mL). Wells with bead-read
errors provided by the xPONENT® 4.1 softwarewere excluded from
analysis.

Statistical Analyses
All behavioral measures were assessed using multilevel linear
mixed-effects models with maximum likelihood estimates and
Type III sums of squares using R (version 3.5.3; R Development
Core Team) and the nlme package. Models were constructed using
a stepwise forward selection strategy beginning with an intercept-
onlymodel (Model 1) and then adding fixedmain effects (Model 2)

and interactions (Model 3). First, a basic two-level random-effects
model was constructedwith Yij representing each behavioral obser-
vation for the ith animal of Level 1 nested in the jth litter at Level 2.
Yij is equal to the Level 1 intercept b0j plus the unexplained var-
iance, or residual, noted as rij. Then each animal was nested in litter
at Level 2 represented by a fixed intercept for litter as c00, plus a
litter-specific random intercept that varied by j litter, u0j. The ran-
dom intercept was assumed to be normally distributed with a mean
of 0 and variance equal to s00. The random-effects model (Model
1) is represented by the following equation:

Yij = b0j + rij ð1Þ

b0j = c00 + u0j ð2Þ

u0j ∼Nð0, s00Þ ð3Þ
Next, fixed effects were added to the model and tested for

model fit using the log-likelihood ratio test. In this mixed-
effects model (Model 2), which included both fixed and random
components, Yij was estimated from the Level 1 intercept b0j
and the regression parameter of each predictor variable b1j and
b2j for the main effect of treatment, PG/VG or +Nic, and b3j for
offspring sex (Female). A third model (Model 3) was then con-
structed that included the addition of predictor variables b4j and
b5j for the two-way interactions of treatment by sex (PG/VG:
Female and +Nic:Female) and tested for model fit compared
with the random-effects and fixed main-effects models. The full
model included fixed main effects and interaction as well as var-
iance components for both Level 1 intercept, represented by
c00, and random Level 2 error (litter), u0j, plus the remaining re-
sidual, rij.

Yij = c00 +b1ðPG=VGÞij + b2ð+NicÞij +b3jðFemaleÞij
+ b4ðPG=VG: FemaleÞij +b5ið+Nic: FemaleÞij + u0j + rij

(4)

For repeated measures analysis of object sniffing in the novel
object recognition task, models included an additional Level 1
random-effects component for each animal, nested within litter, to
account for the repeated measure of objects (familiar or novel)
within each mouse. Daily weights of pregnant dams were fitted
with an autoregressive polynomial model that included a random-
effects component for each dam repeated across days.

Model variations were assessed using the likelihood ratio test
and the best model was selected based on the lowest Akaike in-
formation criterion (AIC). All models were first fit with a homog-
enous residual variance structure and then tested against the
heterogeneous residual variance for each treatment group using
the likelihood ratio test. The final model was assessed graphically
to verify that the data met the assumptions of linearity, normality,
and homogeneity of variance. Models that included a significant
interaction component in the fixed effect were confirmed with
Wald’s test using F-values estimated using Kenward-Rogers
degrees of freedom and Type III sums of squares followed by
simple main effects and post hoc analysis using Tukey correc-
tions. Model summaries can be found in Tables S2–S15, with the
fixed-effect parameters shown only for the final model selected
with the lowest AIC.

Maternal cotinine, PM concentration, litter size, and ratio of
male offspring were assessed by one-way analysis of variance
(ANOVA) followed by Tukey post hoc comparisons. Offspring
body mass and cytokine analytes were assessed using two-way
factorial ANOVA (treatment by sex) followed by simple main
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effects analysis and Tukey comparisons when applicable.
Cytokine values were correlated with behavioral measures
using Spearman’s rho (q).

Results

Maternal and Litter Measures
Pregnant dams in all three treatment groups showed similar weight
gain throughout pregnancy (Figure 2A; Table S2). Litter sizes aver-
aged 9–10 offspring per litter (see Table S1), with no differences in
the number of pups across treatment groups, Fð2, 24Þ=0:037,
p=0:96. To verify exposure constituents, PM concentrations in aero-
sol and maternal cotinine (i.e., nicotine metabolite) levels were
assessed for all three treatment groups. PM levels from e-cigarette
aerosols were averaged across multiple Teflon® filters from all gesta-
tional exposure days. Compared with FA (0:003mg=m3), PG/VG
aerosol had an average PM concentration of 131:85± 7:93mg=m3

on each day of exposure, and these levels were similar to those meas-
ured in the +Nic aerosol, 130:25±8:59mg=m3. Mean cotinine lev-
els averaged from GD0.5, GD10.5, and GD15.5 were higher in
maternal urine from the+Nic dams (26:66±7:26 pg=mL) compared

with PG/VG alone (1:14±0:65 pg=mL), and FA-exposed mice
(0:85± 0:78 pg=mL) (Table 1).

Body Mass Analysis in Response to Prenatal E-Cigarette
Exposure
On PND21 and again at 12 weeks of age, offspring were weighed
and assessed for differences in body mass using mixed-effects
models. Female offspring had a lower mean weight on PND21
compared with males, b= − 0:78 [95% confidence interval (CI):
−1:12, −0:44], tð234Þ= − 4:52, p<0:0001, with no differences
observed across treatment groups (Figure 2B; Table S3).
Similarly, in adulthood, male mice were on average 14 g heavier,
mean= 52:17 g (95% CI: 49.06, 55.28) compared with female off-
spring, mean= 37:84 g (95% CI: 34.6, 41.1), b= − 14:33 (95%
CI: −17:91, −10:74), tð95Þ= − 7:74, p<0:0001. There was also a
treatment by sex interaction, with female mice of +Nic-exposed
dams weighing an estimated 5:3 g more than female offspring of
FA dams, b= − 5:30 (95% CI: 1.05, 9.54), tð23Þ= − 2:52,
p=0:049. However, there were no differences in body mass
between +Nic and PG/VG-alone offspring, tð24Þ= − 1:38,
p=0:37, and no effects onweightwere observed betweenmale off-
spring across treatment groups (Figure 2C; Table S4).

Figure 2.Weights of pregnant dams and offspring exposed to filtered air (FA), e-cigarette aerosol (PG/VG), or e-cigarette aerosol with nicotine. (A) Pregnant
dams were weighed daily throughout gestation (+Nic). Offspring were weighed on (B) PND21 and again in (C) adulthood at the completion of behavioral test-
ing, and body mass (in grams) were compared across treatment groups. For maternal weight, plots are mean ± SE and trend lines represent estimated growth
curves using linear mixed-effects modeling with treatment and day as fixed effects and dam as random effects. For offspring weights, *p<0:05, **p<0:01 as
determined by linear mixed-effects modeling with treatment and sex as fixed effects and litters as random effects. Plots represent individual mice; bars represent
marginal means ±SE. FA (10 litters), males [n=55 (PND21) and n=23 (adulthood)], females [n=41 (PND21) and n=23 (adulthood)]; PG/VG (9 litters)
[males n=41 (PND21) and n=20 (adulthood)], females [n=45 (PND21) and n=23 (adulthood)]; +Nic (8 litters) males [n=33 (PND21) and n=19 (adult-
hood)], females [n=45 (PND21) and n=18 (adulthood)]. Note: PG/VG, propylene glycol/vegetable glycerin; PND, postnatal day; SE, standard error; +Nic,
propylene glycol/vegetable glycerin plus nicotine.
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Stress-Coping Behavioral Measures in Offspring
To determine whether CD-1 male and female offspring exposed
to e-cigarette aerosols, with or without nicotine, during gestation
leads to anxiety-like behaviors in adulthood, mice were tested for
differences in open arm exploration in the elevated plus maze.
For percentage open arm exploration, a random effects–only
model (see Table S5) estimated that male and female CD-1
mice on average spent 28% (95% CI: 24%, 33%) of the time
exploring the open arm of the maze, with no differences observed
in total exploration time across sex and treatment groups (Figure
3A). Similarly, for total time in the open arm, a random effects–
only model (see Table S6) confirmed that across all treatment
groups male and female offspring spent a similar total time in the
open arms [mean= 48:91 s (95% CI: 38.93, 56.88)] and an aver-
age of 10 entries (95% CI: 9.01, 11.18) into the open arms during
the 5-min test (see Table S7; Figure S1). Despite these similar-
ities in open arm exploration, there was a treatment-induced
effect on locomotor activity, Fð2, 24Þ=4:64, p=0:02, that was
observed in both male and female offspring of dams exposed dur-
ing pregnancy to +Nic. These offspring of both sexes displayed
greater distance traveled compared with sex- and age-matched
FA-exposed offspring, b=164:26 (95% CI: 54.57, 273.96),
tð24Þ=3:04, p=0:006 (Figure 3B; Table S8).

In the open field task, a model including fixed main effects
(see Table S9) indicated that female mice from all treatment
groups spent more time exploring the center of the arena com-
pared with exposure- and age-matched male offspring, b=13:85
(95% CI: 4.23, 23.47), tð101Þ=2:81, p=0:006, (Figure 3C).
However, there were no differences in center time exploration
across treatment groups of either male or female mice. In addi-
tion, male and female offspring showed similar locomotor activ-
ity across all treatment groups, random effects–only model (see
Table S10), with a mean distance traveled of 7,317:75 cm (95%
CI: 6,711.98, 7,915.52) during the 20-min free exploration task.
In addition, no differences were observed in total distance trav-
eled between sex (Figure 3D).

Adult offspring across treatment groupswere assessed for differ-
ences in immobility and swimming time in the forced swim test. For
time swimming, a mixed-effects model with sex and treatment as
fixed effects (see Table S11) revealed an effect of treatment on
swimming behavior, Fð2, 24Þ=8:187, p=0:002. Male and female
offspring of +Nic exposed dams spent more time swimming,
b=29:71 (95% CI: 13.00, 46.42) compared with FA tð24Þ=3:61,
p=0:001 and PG/VG-alone treatment groups, tð24Þ=3:49,
p=0:005 (Figure 3E). No difference in swimming time was
observed between sexes, Fð1, 98Þ=1:28, p=0:26. The mixed-
effects model for immobility included both fixed main effects and a
sex by treatment interaction (see Table S12) with male, but not
female, offspring of e-cigarette aerosol with nicotine-exposed
(+Nic) dams showing less immobility, b= − 50:47 (95% CI:
−86:66, −14:29), tð24Þ= − 2:81, p=0:009 compared with age-
and sex-matched FA control offspring. Simple main effects analysis
confirmed a treatment effect in male mice, Fð2, 21Þ=7:77,
p=0:003, with male offspring of +Nic-exposed dams showing less
immobility compared with both FA, tð21Þ=3:07, p=0:016, and
PG/VG-alone offspring, tð21Þ=3:70, p=0:004. No differences in

immobility were observed across treatment groups of female off-
spring,Fð2, 23Þ=0:962, p=0:40 (Figure 3F).

Memory Performance in Offspring of E-Cigarette–Exposed
Dams
In the familiarization phase, all mice met the training criteria of a
minimum of 20 s of object sniffing time to proceed to the testing
phase. A random effects–only model confirmed no differences in
total time spent sniffing objects across treatment groups and sex
(Figure 4A; Table S13). Mice spent an average of 87.36 s (95%
CI: 82.97, 91.75) exploring the two objects during the 10-min
familiarization phase.

Memory performance was tested 24 h later when one familiar
object was replaced with a novel object. Object exploration times
were standardized across animals by calculating a novel object
score equal to the time spent sniffing the novel object divided by
total object sniff time. The final model, which included fixed
main effects without interactions, revealed that adult male and
female offspring of FA-exposed dams spent an average of
60.71% (95% CI: 57.61, 63.81) of their object exploration time
with the novel object, with no differences observed between sex,
tð101Þ= − 1:71, p=0:091 (see Table S14). Conversely, male
and female offspring exposed to PG/VG without nicotine had an
estimated 5.19% lower novel object recognition score, b= − 5:19
(95% CI: −9:33, −1:07), tð24Þ= − 2:56, p=0:017; and offspring
born to dams exposed to PG/VG +Nic had an estimated 6.97%
lower object recognition score, b= − 6:97 (95% CI: −11:25,
−2:68), tð24Þ= − 3:30, p=0:003 (Figure 4B) compared with
offspring of dams exposed to FA.

Differences in novel and familiar object sniffing was also
compared within treatment groups to assess object preference
(see Table S15). Male and female offspring from FA-exposed
control dams spent an average of 12.45 s longer with the novel
object compared with the familiar object, b=12:45 (95% CI:
9.46, 15.43), tð48Þ=8:29, p<0:0001. In contrast, male and
female offspring of PG/VG-exposed dams only spent approxi-
mately 3.91 s longer with the novel object compared with the fa-
miliar object, b=3:91 (95% CI: 0.14, 7.68), tð42Þ=2:07,
p=0:045. Similar differences in novel object exploration time
were observed in male and female offspring of dams exposed to
PG/VG with nicotine throughout pregnancy (+Nic): b=3:36
(95% CI: −1:21, 7.93), tð36Þ=1:49, p=0:14 (Figure 4C).

Region-Specific Cytokine Levels in Adult Offspring
To determine whether maternal e-cigarette aerosol exposure dur-
ing pregnancy, with or without nicotine, altered neuroimmune
signaling in offspring, brains were collected from adult male and
female offspring and microdissected to assess region-specific dif-
ferences in several cytokine levels using multiplex arrays. There
was a significant treatment by sex interaction for IFNc in the hip-
pocampus, Fð2, 38Þ=9:14, p<0:001. Simple main effects analy-
sis confirmed an effect of treatment in female offspring,
Fð2, 20Þ=7:43, p=0:004, with lower levels of IFNc observed in
the +Nic group compared with age-matched FA-exposed female
mice, tð20Þ=3:85, p=0:003, but not in the PG/VG-exposed

Table 1.Maternal measures (mean± standard deviation).

Treatment Litters (n) Litter size Ratio of males Cotinine (pg/mL) PM (mg=m3)

FA 10 9:70± 0:68 0:58± 0:19 0:85± 0:78 0:003± 0:001
PG/VG 9 9:67± 0:41 0:46± 0:17 1:14± 0:65 131:85± 7:93**

+Nic 8 9:75± 0:46 0:43± 0:20 26:66± 7:26** 130:25± 8:59**

Note: Ratio of male to female offspring was calculated as the number of male mice in a litter divided by the total number of pups in the litter. FA, filtered air; PG/VG, propylene glycol/vegeta-
ble glycerin; PM, particulate matter; +Nic, propylene glycol/vegetable glycerin plus nicotine. **p<0:01 compared with FA mice as determined by one-way analysis of variance.
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group, tð20Þ=2:16, p=0:1. These same differences in IFNc
were not seen in the hippocampus of the age-matched male off-
spring (Figure 5A). The concentration of IFNc in the hippocam-
pus was negatively correlated with time swimming in the forced
swim test, q= − 0:35, p=0:02, with higher levels of IFNc asso-
ciated with less time spent swimming (Figure 5B). There were no
sex or treatment differences in IL-4, IL-6, or IL-2 levels in the
hippocampus (Table 2).

In the diencephalon, there was an effect of treatment on IFNc,
Fð2, 39Þ=4:40, p=0:019, with male and female offspring of dams
exposed to PG/VG without nicotine showing lower levels of IFNc
compared with offspring of age and sex-matched FA control mice,
tð39Þ=2:72, p=0:03. Similar differences in IFNc were present in
male and female offspring exposed to PG/VG with nicotine com-
pared with FA controls, tð39Þ=4:572, p<0:001 (Figure 5C).
Levels of IFNc in the diencephalon were negatively correlated with

Figure 3. Stress-coping behaviors as determined by the elevated plus maze, open field, and forced swim tests, respectively, in male and female adult offspring
of mice treated with filtered air (FA), E-cigarette aerosol (PG/VG), or E-cigarette aerosol with nicotine (+Nic). Pregnant female mice were exposed to either
FA or e-cigarette aerosol (PG/VG) with or without nicotine, and offspring were tested using the (A,B) elevated plus maze, (C,D) open field, and (E,F) forced
swim tasks. Reported is (A) the percentage of time offspring spent in the open arm of the elevated plus maze as a percentage of the total time spent in both
open and closed arms; (B) total distance traveled during the 5-min elevated plus maze task; (C) time spent in the center of an open field arena during the 20-
min open field task; (D) the total distance traveled in the open field task; and the total time spent (E) swimming and (F) immobile in the forced swim task.
*p<0:05, **p<0:01 as determined by linear mixed-effects modeling with treatment and sex as fixed effects and litters as random effects. Plots represent indi-
vidual mice; bars represent marginal means ±SE. FA (10 litters) [males (n=23–27), females (n=23–24)]; PG/VG (9 litters) [males (n=19–21), females
(n=22–23)]; +Nic (8 litters) [males (n=19), females (n=18)]. Note: EPM, elevated plus maze; FST, forced swim task; OF, open field; PG/VG, propylene
glycol/vegetable glycerin; SE, standard error; +Nic, propylene glycol/vegetable glycerin plus nicotine.
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swimming time in the forced swim test, q= − 0:39, p<0:001
(Figure 5D). In addition, IL-4 levels in the diencephalon differed
across treatment groups, Fð2, 39Þ=3:92, p=0:028, with male and
female offspring of +Nic-exposed dams exhibiting lower levels of
IL-4 compared with age- and sex-matched FA-exposed offspring,
tð42Þ=3:06, p=0:011, (Figure 5E). However, levels of IL-4 were
not correlated with any behavioral measures. No differences were
observed in IL-6 or IL-2 levels in the diencephalon across sex or
treatment groups (Table 2).

Although there were no differences in IFNc, IL-4, or IL-2 in
the cerebellum, there was a significant effect of treatment on IL-6
levels in the cerebellum, Fð2, 39Þ=4:71, p=0:015. Post hoc
analysis confirmed a significantly lower level of IL-6 in PG/VG-
exposed offspring compared with FA controls, tð39Þ= − 3:08,
p=0:010. (Figure 5F). Finally, no differences were observed in
any of the cytokine levels measured across treatment conditions
or between sexes in offspring neocortex (Table 2).

Discussion
Given the prevalence of e-cigarette vaping during pregnancy and the
documented effects of nicotine on offspring behavior and health, it is

essential to determine the long-term behavioral and biological conse-
quences of e-cigarette exposure in utero.We hypothesized thatmater-
nal exposure to e-cigarette aerosols during gestation, with and
without nicotine, alters offspring behavioral and neuroimmune devel-
opment and that these effects persist into adulthood. In this study, pre-
natal exposure to e-cigarette aerosol containing nicotine increased
locomotor activity in male and female adult offspring as seen in the
elevated plus maze and by increased swimming in the forced swim
test. In the novel object recognition task, offspring of PG/VG-
exposed dams spent similar lengths of time exploring the familiar and
novel objects, and mice in both e-cigarette–exposed groups (with
and without nicotine) spent a lower percentage of time with the
novel object compared with controls. Brain cytokine analysis via
bead-based multiplex immunoassay revealed lower IFNc and
IL-4 levels in the diencephalon of +Nic offspring, and females in
this group also showed lower concentrations of hippocampal
IFNc. Furthermore, IFNc levels were inversely correlated with
swimming time in the forced swim test in both the hippocampus
and diencephalon. Interestingly, offspring of dams exposed to
PG/VG alone expressed elevated IL-6 in the cerebellum. This
work highlights the persistent behavioral and neuroinflammatory
consequences of gestational e-cigarette aerosol exposure and

Figure 4.Measure of short-term memory in offspring of dams exposed to filtered air (FA), e-cigarette aerosol (PG/VG), or e-cigarette aerosol with nicotine
(+Nic). Offspring were given 10 min to explore two identical objects and then assessed 24 h later for memory performance by replacing one familiar object
with a novel object. (A) Total time spent sniffing two objects during the initial learning phase; (B) percentage of novel object recognition determined as the
time spent with the novel object over total object exploration time; and (C) time spent sniffing the familiar and novel object 24 h later during the testing phase.
*p<0:05, **p<0:01 as determined by liner mixed-effects model with treatment and sex as fixed effects (A,B) or as separate models for each treatment group
(C) and individual animals nested in litter as random effects. Plots represent individual mice; bars represent marginal means ±SE. FA (10 litters) [males
(n=25), females (n=24)]; PG/VG (9 litters) [males (n=20), females (n=23)]; +Nic (8 litters) [males (n=19), females (n=18)]. Note: NOR, novel object
recognition; PG/VG, propylene glycol/vegetable glycerin; SE, standard error; +Nic, propylene glycol/vegetable glycerin plus nicotine.
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furthers our understanding of the impact of e-cigarette aerosol on
fetal neurodevelopment.

Although toxicological research on the developmental effects
of e-cigarette aerosols and their component by-products are newly
emerging, the adverse effects of nicotine exposure during preg-
nancy have been widely documented in the literature. These stud-
ies include clinical and epidemiological reports consistently
demonstrating a link between maternal nicotine exposure, whether
through tobacco smoking or nicotine replacement therapies, and
negative health effects in their children (for review, see Holbrook
2016). These consequences include reproductive, endocrine, meta-
bolic, immune, and neurobiological changes, as well as an
increased risk of the offspring developing obesity (Ino 2010) or
having an attention deficit hyperactivity disorder diagnosis
(Tiesler and Heinrich 2014) later in life. In rats, maternal exposure
to tobacco cigarette smoke 5 d/week between GD11.5 and GD21.5

transiently decreased offspring bodyweight at PND21, a difference
no longer evident at 60 d of age (Zinkhan et al. 2014).
Subcutaneous nicotine given to pregnant rat dams beginning 14 d
prior to breeding and continuing until offspring weaning (PND21)
resulted in increased body weight in male offspring (females not
examined) beginning at 10 weeks of age (Gao et al. 2005). In our
study, maternal e-cigarette exposure did not affect offspring weight
at weaning (PND21), which is in contrast with the findings of
Zinkhan et al. (2014); however, by 12 weeks of age female off-
spring of +Nic dams weighed significantly more than females of
FA control dams, similar to the male offspring as reported by Gao
et al. (2005) following perinatal maternal nicotine exposure. These
discrepancies highlight the importance of also examining non-
nicotine constituents when investigating the neurodevelopmental
effects of gestational nicotine delivery systems and the importance
of including female offspring in all analyses.

Figure 5. Brain cytokine measurement in offspring of dams exposed to filtered air (FA), e-cigarette aerosol (PG/VG), or e-cigarette aerosol with nicotine
(+Nic). Following behavioral assessments, offspring from e-cigarette-treated and control dams were sacrificed and brains processed for cytokine quantification
using bead-based multiplex assays. Reported are (A) IFNc levels in the hippocampus and (B) correlation with swimming behavior in the forced swim test, (C)
IFNc in the diencephalon and (D) correlation with swimming behavior, (E) IL-4 concentrations in the diencephalon, and (F) IL-6 concentrations in the cerebel-
lum. *p<0:05, **p<0:01 as determined by two-way factorial ANOVA followed by simple main effects analysis and Tukey post hoc. Correlations were tested
using Spearman’s rho. Plots represent individual mice; bars represent marginal means ±SE; scatterplots include both male and female offspring. FA (8 litters)
[males (n=7–8, females n=7–8)]; PG/VG (8 litters) [males (n=7–8), females (n=7–8)]; +Nic (8 litters) [males (n=7–8, females n=7–8)]. Note: ANOVA,
analysis of variance; IFN, interferon; IL, interleukin; PG/VG, propylene glycol/vegetable glycerin; SE, standard error; +Nic, propylene glycol/vegetable glyc-
erin plus nicotine.
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Maternal E-Cigarette Exposure during Pregnancy and
Adult Offspring Behavior

In a study on nicotine exposure during pregnancy in mice, mater-
nal consumption of nicotine in drinking water led to a behavioral
phenotype in offspring characterized by increased motor activity
and risk-taking behaviors that continued across subsequent gener-
ations (Buck et al. 2019). Similarly, nicotine exposure via e-ciga-
rette exposure in our mice increased adult male and female
offspring locomotor activity compared with controls as deter-
mined by total distance traveled in the elevated plus maze and
total swim time in the forced swim test. Interestingly, spontane-
ous locomotor activity measured as total distance traveled in the
open field test revealed no differences in motor activity among
treatment groups. This discrepancy may be a response to differen-
ces in motor activity during high stress (i.e., elevated plus maze
and forced swim test) compared with the lower stress environment
of the open field task under dim lighting (Bouwknecht et al. 2007).
Although behaviors in the elevated plus maze and forced swim test
were more pronounced in males, evidence of hyperactivity was
also observed in adult female offspring, highlighting potential sex-
dependent effects of e-cigarette exposure. Locomotor hyperactiv-
ity in females is important to emphasize given that previous studies
assessing the effects of e-cigarette exposure focused only on male
BALB/c (Nguyen et al. 2018) or C57BL/6J (Smith et al. 2015) off-
spring behavior. Our behavior data both support previous prenatal
e-cigarette studies noting hyperactivity in males and extend the
findings to female offspring in the CD-1 strain. The findings here
also substantiate a transcriptomic analysis study with young adult
C57BL/6 mouse frontal cortex revealing up-regulation of gene
expression associated with hyperactivity in response to perinatal
e-cigarette exposure with and without nicotine (Lauterstein et al.
2016). These data underscore lasting developmental differences in

locomotor activity in response to early life e-cigarette aerosol
acrossmouse strains.

Although our data on prenatal nicotine-containing e-cigarette
exposure are aligned with externalizing behaviors such as hyperac-
tivity in both humans (Ashford et al. 2008; Brion et al. 2010;
Indredavik et al. 2007; Menezes et al. 2013; Tiesler and Heinrich
2014) and animal model research (Buck et al. 2019; Zhu et al.
2012), the impact of both maternal nicotine exposure alone and e-
cigarette aerosols containing nicotine on affective states are less
clear. In our study, no differences were observed in open arm ex-
ploration across treatment groups or sex despite increases in over-
all maze exploration from male and female offspring from the
+Nic group. Similarly, no differences in anxiety-like measures
from the elevated zero maze were reported in a previous study of
male C57BL/6 offspring exposed to e-cigarette aerosol containing
2.4% nicotine (Smith et al. 2015). Conversely, Nguyen et al.
(2018) noted increases in open arm exploration in the elevated plus
maze in adult male offspring of BALB/c dams exposed to e-ciga-
rette aerosols (both with and without nicotine) from prior to preg-
nancy through lactation compared with control offspring of dams
exposed to ambient air (Nguyen et al. 2018). However, the elevated
plus maze measures from Nguyen et al. (2018) were carried out
only in adult male offspring and were limited to a 2-min explora-
tion time, in contrast to the typical 5-min exploration time that is
validated and common practice in the field (Walf and Frye 2007).
As a result, support for a sex-specific developmental impact of
maternal e-cigarette use during pregnancy, both with and without
nicotine, on offspring anxiety-like states remains weak and sug-
gests that other brain systems, particularly those associated with
stress coping, attention, and hyperactivity, may be more suscepti-
ble to the effects of developmental e-cigarette exposure.

In our study, both male and female offspring of +Nic-exposed
dams showed increased swimming behavior and male offspring

Table 2. Cytokine concentrations [pg/mL (mean± standard error)] in brain homogenates of adult offspring.

Region Sex Exposure IFNc IL-4 IL-6 IL-2

Neocortex Male FA 0:397± 0:05 0:215± 0:07 0:831± 0:25 3:519± 0:67
PG/VG 0:428± 0:12 0:202± 0:07 0:870± 0:23 3:598± 0:50
+Nic 0:360± 0:14 0:215± 0:13 0:740± 0:35 3:568± 0:46

Female FA 0:413± 0:07 0:251± 0:06 0:907± 0:16 3:382± 0:52
PG/VG 0:391± 0:10 0:233± 0:10 0:853± 0:26 3:343± 0:71
+Nic 0:366± 0:09 0:242± 0:11 0:789± 0:22 3:140± 0:78

Diencephalon Male FA 0:430± 0:03 0:266± 0:03 1:175± 0:23 4:183± 0:36
PG/VG 0:375± 0:03* 0:134± 0:03 0:890± 0:46 4:187± 0:85
+Nic 0:320± 0:03** 0:159± 0:03** 1:003± 0:45 3:966± 1:21

Female FA 0:411± 0:03 0:209± 0:04 1:142± 0:32 4:277± 0:28
PG/VG 0:344± 0:03* 0:173± 0:04 1:105± 0:33 4:654± 0:79
+Nic 0:258± 0:03** 0:095± 0:04** 0:789± 0:31 3:980± 0:77

Hippocampus Male FA 0:672± 0:09 0:264± 0:11 0:762± 0:37 3:071± 0:67
PG/VG 0:588± 0:04 0:256± 0:11 0:970± 0:38 2:629± 0:93
+Nic 0:623± 0:09 0:274± 0:15 0:954± 0:48 2:653± 1:18

Female FA 0:747± 0:08 0:263± 0:12 0:893± 0:61 2:948± 0:71
PG/VG 0:688± 0:10 0:293± 0:14 0:901± 0:46 2:877± 0:65
+Nic 0:549± 0:07** 0:251± 0:14 0:955± 0:57 2:352± 1:31

Cerebellum Male FA 0:620± 0:05 0:154± 0:06 0:551± 0:13 2:986± 0:95
PG/VG 0:624± 0:05 0:176± 0:06 1:059± 0:13* 3:741± 1:07
+Nic 0:660± 0:05 0:160± 0:06 0:869± 0:12 3:840± 1:88

Female FA 0:712± 0:05 0:205± 0:08 0:627± 0:13 3:548± 0:67
PG/VG 0:691± 0:05 0:205± 0:07 0:898± 0:12* 3:427± 0:88
+Nic 0:608± 0:05 0:168± 0:08 0:764± 0:12 3:918± 1:58

Note: FA, filtered air; IFN, interferon; IL, interleukin; PG/VG, propylene glycol/vegetable glycerin; +Nic, propylene glycol/vegetable glycerin plus nicotine. *p<0:05 compared with
FA-exposed offspring. **p<0:01 compared with FA-exposed offspring.
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showed less immobility in the forced swim test. The sex-specific
differences in immobility and concomitant increases in swim-
ming, juxtaposed with locomotor differences in the elevated plus
maze task, suggest differences in stress-coping behaviors among
+Nic offspring. Specifically, passive immobility in the forced
swim task is thought to represent an adaptive pro-survival (de
Kloet and Molendijk 2016; Molendijk and de Kloet 2015) behav-
ior governed by cognitive evaluation of inescapable stress.
Therefore, reductions in immobility observed in our +Nic male
offspring would suggest impaired stress coping in response to
this acute stressor. In humans, a study of over 180,000 late ado-
lescent/young adult males found no association between maternal
tobacco use during pregnancy and later stress-coping skills
(Kuja-Halkola et al. 2010). However, whether this finding trans-
lates to maternal e-cigarette use during gestation or female off-
spring is unclear. Although speculative, our behavioral findings
suggest that gestational e-cigarette aerosol exposure containing
nicotine has the potential to hinder stress-coping strategies in off-
spring of both sexes, with a greater vulnerability in males.

E-cigarette aerosols in general use PG/VG as the vehicle for
the nicotine and flavorings (Wagner et al. 2018). Although some
of these substances are deemed safe at low exposure levels,
reports have noted adverse effects at higher exposures following
commercial use in the entertainment and aviation industry
(Varughese et al. 2005; Wieslander et al. 2001) and in preclinical
toxicological studies (Suber et al. 1989; Werley et al. 2011).
Assessments of PG/VG inhalation in e-cigarette use, particularly
in low or no-nicotine liquids, are estimated to result in higher lev-
els of PG near the acceptable threshold limit (Burstyn 2014). In
fact, high exposures to PG and/or VG in animal studies increased
apoptotic neurodegeneration and microglial activation in the hip-
pocampus (Lau et al. 2012; Zelikoff et al. 2018), and increased
levels of reactive oxygen species (Lerner et al. 2015), implicating
elevated doses of PG/VG as a central nervous system toxicant. In
the present study, adult male and female offspring of dams
exposed to e-cigarette aerosol with and without nicotine showed
declines in hippocampal-dependent novel object recognition
scores. That is, daily exposure to PG/VG both with and without
nicotine during pregnancy resulted in suppression of episodic
memory performance in the adult offspring months after their ini-
tial exposure in utero. These behavioral differences, regardless of
the presence of nicotine, suggest that exposure to PG/VG alone
during critical periods of fetal development could have lasting
consequences on the brain, a hypothesis supported by a recent
transcriptomic analysis that revealed more severe gene expres-
sion changes in C57BL/6 offspring brain following PG/VG expo-
sure without nicotine (Lauterstein et al. 2016). In fact, Golli et al.
(2016) reported similar reductions in novel object memory per-
formance in adult rats following a 4-week exposure to 28 lL=kg
PG/VG and the deficits were mitigated by the presence of 0:5 mg
nicotine (Golli et al. 2016). Despite previous animal studies show-
ing that nicotine alone positively impacted memory and had neuro-
protective effects in the central nervous system (for review, see
Toledano et al. 2010), our data do not support a beneficial role of
nicotine in the presence of PG/VG. Our findings and that of others
underscore a unique role for PG/VG aerosol and raise concerns
about the safety and use of nicotine-free e-cigarettes among indi-
viduals of childbearing age (Golli et al. 2016; Lauterstein et al.
2016; Zelikoff et al. 2018).

Brain Cytokines and Neuroinflammation in Offspring
Exposed Prenatally to E-Cigarette Aerosols
Much of the toxicological research on e-cigarettes has focused on
the user (Kaisar et al. 2016), with far fewer studies specifically
addressing the unique risks that e-cigarette use during pregnancy

may have on the offspring. That is, the developmental and long-term
neurotoxicological impact following gestational e-cigarette expo-
sure has not beenwell defined. Initial animal studies on the impact of
e-cigarette aerosol on fetal development have noted reductions in
lung and brain health as well as altered gene expression. For exam-
ple, maternal e-cigarette aerosol exposure of mice without nicotine
beginning 6 weeks prior to mating and continuing through offspring
weaning resulted in altered inflammatory profiles in adult offspring
lungs as well as global epigenetic modification in immune signaling
genes (Chen et al. 2018a). Similarly, perinatal exposure (pregnancy
through lactation) to e-cigarettes with andwithout nicotine increased
microglial activation and altered gene expression patterns in the hip-
pocampus with concomitant decreases in peripheral serum cytokine
levels (Zelikoff et al. 2018). These differences in immune signaling
in adult offspring, both with and without nicotine, suggest that early
life e-cigarette exposure may have lasting impacts across numerous
fetal organ systems, including the brain. In the present study, both
male and female offspring prenatally exposed to e-cigarette aerosols
containing nicotine showed lower IFNc and IL-4 levels in the dien-
cephalon as well as lower IFNc levels in the female hippocampus.
These reductions in immune signals are hypothesized to be a result
of nicotine’s well-documented immunosuppressive actions on the
central nervous system (Piao et al. 2009) and could reflect nicotine’s
ability to inhibit T-lymphocytematuration and function through ace-
tylcholine receptor activation (Middlebrook et al. 2002). In fact,
maternal cigarette smoking was associated with significantly
decreased levels of IL-4 and IFNc in cord blood of newborn infants
(Macaubas et al. 2003; Noakes et al. 2006). This finding suggests
that the immune modulating effects of prenatal nicotine exposure
may begin during gestation and persist through adulthood. Our data
also revealed that IFNc levels in the hippocampus and diencephalon
negatively correlated with swimming time in the forced swim test.
The e-cigarette with nicotine group had the longest swimming time,
interpreted as impaired stress-coping behavior, and the highest aver-
age IFNc levels. In humans, adult males with positive stress-coping
styles were reported to have altered T-cell–released IFNc in relation
to perceived stress (positive association), whereas thosewith negative
stress-coping styles had reduced numbers of CD4+ T cells (Sakami
et al. 2004). Together these findings propose an interaction between
(neuro)immune function and stress-coping strategies, with brain
IFNc playing an important role in behavioral responses to stress.

In the present study, e-cigarette aerosol exposure in the absence
of nicotine (i.e., PG/VG alone) resulted in elevations in IL-6 in the
cerebellum, and these cytokine increases were not observed in off-
spring prenatally exposed to aerosol with nicotine. This finding
further underscores the immunosuppressive potential of nicotine.
Elevations in IL-6 have previously been reported in lung fluid of
humans exposed to PG/VG in the absence of nicotine (Scott et al.
2018), and IL-6 mRNA was reportedly elevated in whole brain
from offspring of dams exposed to cigarette smoke during preg-
nancy (Chan et al. 2017). In contrast, Zelikoff et al. (2018) noted
decreases in serum cytokines of offspring exposed from gestation
through lactation to e-cigarette aerosols with and without nicotine.
These disparate findings, particularly in studies examining mater-
nal–fetal exposures, are likely a reflection of variations in exposure
timing, nicotine dose, vehicle delivery (i.e., PG/VG aerosol or cig-
arette smoke) and experimental design, including specific mouse
strain. These variations notwithstanding, the impact of e-cigarette
aerosol, with and without nicotine, on fetal development is evident
and raises concerns for their use during pregnancy.

All cytokines measured in the current study were present in
low concentrations and at levels typically found in the brain.
Although more extreme variations in brain cytokine levels were
found in neuroimmunological conditions ranging from multiple
sclerosis to traumatic brain injury (DiSabato et al. 2016), less is
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known about the impact of smaller deviations from baseline.
Studies examining differences in brain cytokine levels in mice
following maternal environmental insults reported outcomes as
relative fold-changes (Garay et al. 2013), making it difficult to
compare differences in cytokine levels in this study to other ani-
mal models. That is, the approximately 2-fold differences we
observed in IL-4, IL-6, and IFNc across brain regions may be
statistically significant, but it is not clear whether these differen-
ces are biologically relevant. A further limitation with our find-
ings is the potential contamination of our designated brain-
specific regions with other portions of the brain. For example,
differences in cytokine levels in the cortex were not observed
between groups in this study, despite previous studies noting
numerous differences in gene expression levels in mouse off-
spring frontal cortex following e-cigarette exposure during preg-
nancy and lactation (Lauterstein et al. 2016). Our analysis of the
cortex included the entire neocortex and did not differentiate sec-
tions of frontal compared with occipital or temporo-parietal
regions. As a result, some of the null finings we report may be a
false negative outcome given that differences in cytokine expres-
sion in a subregion of the cortex or diencephalon may be masked
or diluted by the inclusion of multiple subareas.

Comparison with Human E-Cigarette Use and Study
Limitations
The chemical composition and exposure levels of e-cigarettes can
vary greatly among users given that individuals are able to prepare
their own formulations of PG/VG and desired concentration of nico-
tine. Estimates of human consumption for toxicology assessments
of inhaled PG assume a range of 50–95% PG (Burstyn 2014), and
many preclinical toxicology studies, including the one here, use a
50:50 formulation of PG/VG to model typical ratios found among
human users (compare Garcia-Arcos et al. 2016; HW Lee et al.
2018; Olfert et al. 2018; Tang et al. 2019). JUUL®, a major manufac-
turer of e-cigarettes, sells nicotine-containing e-cigarette formula-
tions that range from35 to 59 mg=mL (JUUL 2019). In comparison,
we used a nicotine concentration of 16 mg=mL to represent a low-
to-moderate dose comparable to that of human consumption. Other
e-cigarette toxicology studies in mice have used similar low-to-
moderate doses ranging from 10 mg=mL (HW Lee et al. 2018) to
36 mg=mL (Tang et al. 2019). These ranges also approximate con-
centrations used by manufacturers and other research groups (Eaton
et al. 2018). With respect to the inhalation exposure paradigm, user
puff topography—including puff volume, duration, and daily puff
rate—voltage and heating temperature vary widely across users,
complicating our ability to accurately translate our paradigm to
human consumption levels. Studies on user topography estimate an
average experienced e-cigarette user to have a 4-s puff duration
(Farsalinos et al. 2013; Hua et al. 2013), a duration comparable to
that used in our study. Further, although other estimates report lower
puff durations ranging from 2.25 (ECigStats 2019) to 3.3 s (YO Lee
et al. 2018), differences in daily puff rates and puff volume place our
aerosol regimen, 35-mL puff at 30-s intervals for 3 h/d, at amoderate
exposure level. Olfert et al. (2018) argue that mouse exposure para-
digmsmay in fact underestimate human exposures given that mouse
studies such as ours administer e-cigarette aerosols through nasal in-
halation, compared with oral inhalation in humans, thereby filtering
more airborne particles through the nasal passage compared with
direct oral inhalation.

Our assessment of the e-cigarette aerosol both with and without
nicotine had similarly elevated levels of PM compared with FA.
Several studies have reported the presence of fine and ultra-fine
PM in e-cigarette aerosols (Ingebrethsen et al. 2012;Melstromet al.
2017; Zhao et al. 2016), as well as carbonyls, volatile organic com-
pounds, and metals (Cheng 2014; Wagner et al. 2018). Although

we were not able to specifically define the PM composition gener-
ated from the e-cigarette aerosols in this study, a previous report
from our laboratories demonstrated behavioral alterations in
response to maternal PM2:5 exposure (Church et al. 2018).
Therefore, we cannot rule out a potential contribution of these par-
ticles in shaping the behavioral and neuroimmunological differen-
ces observed in the offspring of e-cigarette–exposed dams.

Several limitations of this study should be considered, includ-
ing the unexamined potential effect of daily e-cigarette exposure
on maternal behavior. The effect of e-cigarette exposure during
pregnancy on maternal behavior has yet to be investigated.
However, early postpartum nicotine consumption (200 lg=mL in
drinking water) by mouse dams increased time spent passively
nursing (Heath et al. 2010), a posture thought to be less advanta-
geous to pups; no other adverse effects on maternal behavior
have been noted. Thus, although there is limited evidence to sug-
gest that nicotine-containing products alter maternal behavior,
this factor cannot be ruled out as a potential contributor to the be-
havioral phenotype observed in our study. Importantly, any
potential litter effects have been controlled for by incorporating
mixed-effects modeling, assuring that the behavioral and neuro-
immunological differences observed in this study are related to
treatment rather than to litter-to-litter variations.

Dams were exposed to e-cigarette aerosols throughout gesta-
tion to specifically address the question of whether vaping during
pregnancy affects neurodevelopment long term. However, brain
development in rodents continues postpartum with the human
equivalent of the third trimester occurring several days into the
postpartum period (Clancy et al. 2001; Ohmura and Kuniyoshi
2017; Workman et al. 2013). Thus, although our findings support
the argument that maternal e-cigarette aerosol impacts fetal brain
development, there may be additional and unique consequences
that emerge if exposure were to continue into the postpartum pe-
riod. Similarly, dams were exposed only to e-cigarette aerosol af-
ter the presence of a seminal plug, with no exposures occurring
prior to the start of pregnancy. A previous study in rats noted a
developmental impact on offspring following daily paternal nico-
tine injections (2 mg=kg) to the males prior to the start of breed-
ing (Hawkey et al. 2019). Therefore, e-cigarette aerosols with
and without nicotine may have additive or synergistic effects
when exposure occurs prior to pregnancy and during the gesta-
tional period and when both biological parents are exposed.

Despite the aforementioned limitations, our study provides
compelling evidence in support of the notion that maternal expo-
sure to e-cigarette aerosols during pregnancy, both with and with-
out nicotine, negatively impacts brain and behavior development
of the offspring in a sex-dependent manner and well into their
adult life. Findings from this translational study should be consid-
ered by pregnant women who may be considering e-cigarette use
during this vulnerable time period.

Conclusion
The adverse behavioral and neuroimmunological outcomes observed
in our adult male and female offspring demonstrate the persistent
health consequences of e-cigarette use during pregnancy. These
findings should raise caution to those who perceive its use as less
harmful than traditional tobacco cigarettes for pregnant smokers
(Baeza-Loya et al. 2014; Mark et al. 2015). Even without nico-
tine, daily exposure to PG/VG throughout gestation has the
potential to disrupt learning and memory performance in off-
spring and increase neuroinflammation. This is particularly trou-
blesome given the targeted marketing of nicotine-free vaping
products to younger populations of childbearing age (Padon et al.
2017). The relatively unknown neurodevelopmental and toxico-
logical effects of these products coupled with unsubstantiated
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claims of their safety warrant careful scrutiny and further investi-
gation to properly inform regulatory agencies and medical
communities on the health risks associated with the use of
e-cigarettes during pregnancy.
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